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This paper shows the neutronic availability for the increase of PWR cycle length by loading highly poi-
soned UO2 fuel rods. The lumped burnable gadolinium amount reaches up to 8% in UO2–Gd2O3 fuel rods
loaded in French PWRs. In the new EPR™ GEN-3 reactor, Gd pins will be loaded in the 1st and following
cores. The aim of this study is to demonstrate the qualiﬁcation of the APOLLO2.8 code and the JEFF-3.1.1
nuclear data library for the depletion of such fuel rods.
More than 341 radiochemical analyses were performed for 40 irradiated rod cuts in the GEDEON-II
PWR-like assembly. Local moderation irradiation conditions were challenging for calculation tools, how-
ever the reaction rate validation against TRIPOLI4 calculation results shows the accuracy of the APOLLO2/
8REL2005 scheme.
The analysis of GEDEON-II experiment conﬁrmed the good prediction of actinide build-up in PWR fuel
pins using JEFF-3.1.1 library, as well as the trend to underestimate 238U(n,2n). This work has demon-
strated the satisfactory accuracy of the APOLLO2.8 calculation for the depletion of 155Gd and 157Gd
poisoning isotopes: averaged C–E biases on their consumption throughout irradiation are 0.5 ± 1.0%
and 0.7 ± 1.6% (RMS), respectively.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction pitch lattice with a moderation ratio of 1.8) reached a burn-up ofThe irradiation experiment called GEDEON-II started in 1985: it
consists in a PWR-type 13  13 UO2 assembly containing Gd pins,
loaded in the center of the 8MWth-MELUSINE reactor located at
CEA/Grenoble (see Fig. 1).
MELUSINE driver core is made of MTR assemblies (Material Test
Reactor made of highly enriched Uranium–Alloy plates) sur-
rounded by a D2O reﬂector at the North and by H2O for other direc-
tions. Today, MELUSINE reactor is dismantled.
First two chapters are dedicated to the experimental device
description and to the calculation scheme description. The third
one is devoted to the validation of the APOLLO2.8 calculation
scheme versus Monte Carlo TRIPOLI4 results, mainly at the begin-
ning of the irradiation. The last chapter reports the qualiﬁcation
results of calculated reaction rates and depleted concentrations
in the PWR-Type GEDEON-II assembly.
2. Principle and detailed description of the experiment
The experiment lasted about three years and the GEDEON-II
assembly (UO2 3.25% enriched fuel pins placed in a 1.14 cm squareabout 13GWd/t. Gadolinium pins are made of 0.2% uranium and
Gd2O3 (8%).
As shown in Fig. 2, this experiment was designed to
qualify the azimuthal effects of adjacent gadolinium rods (in
green) and the presence of water holes (in blue) in front or in
angle of such gadolinium rods (Chaucheprat and Santamarina,
1987).
Four successive discharges were considered for speciﬁc rods.
For each discharge in a quarter of GEDEON-II assembly, four fuel
rods (two UO2–Gd2O3, and two UO2 for local burn-up determina-
tion) were chemically analyzed by Inductive-Coupling-Plasma
and Mass Spectrometry. Moreover, two axial positions were ana-
lyzed for each rod: 270 mm from the bottom of the active fuel
(mid-height where the averaged UO2 ﬂuence monitor fuel pins in
the quarter reached 4.3, 6.9, 10.0 and 11.6GWd/t), and 100 mm
in order to obtain a lower burnup (respectively 3.8, 6.0, 8.6 and
10.0GWd/t). For few pins, two more rod cuts are sometimes done
at 80 cm and 120 cm.2.1. Principle of the experiment
Isotopic depletion of the Gd fuel pins versus the local assembly
burnup is plotted in Fig. 3.
Fig. 2. GEDEON-II assembly.
Fig. 1. MELUSINE building (left) and MELUSINE pool core with MTR UAl assemblies (right).
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topes as a function of the local burn-up is quite different from a
position to another one, because of local thermal neutron ﬂux
increase due to Guide-Tube (TG in Fig. 4) on the one hand, and
spectrum hardening due to Gd poisoning pin in the direct vicinity
on the other hand.
Going further, one can extract rough sensitivities to nuclear
cross sections for all gadolinium isotopic depletion. At low burn-
up, 155,157Gd concentrations are sensitive to their own neutron-
nuclear absorption cross sections, meanwhile at higher burn-up
BU > 13GWd/t poisoning Gd isotopes tend to equilibrium and
are sensitive to 154Gd and 156Gd cross-sections respectively.
Therefore, at the last discharge, where UO2 local burnup reaches
12 GWd/t at mid-height, 157Gd concentration is sensitive to 156Gd
capture that allows the qualiﬁcation of the Gd residual worth pen-
alty. All sensitivities will be estimated by APOLLO2.8 in the chapter
devoted to the interpretation of experimental results.
2.2. Details of the experiment
In order to check the availability of codes to predict the 155Gd
and 157Gd absorber depletion down to the residual poisoning
worth, for the various Gd/H2O and Gd/Gd interactions, theassembly was divided into four ‘independent’ zones noted from
Q1 to Q4. Lots of Gadolinium and fuel pins were reloaded during
the depletion (see the ‘movie-Fig. 5).
The four irradiation cycles are summarized in Table 1.3. Description of apollo2.8 interpretation schemes
3.1. APOLLO2.8 calculation schemes: SHEM-MOC and REL2005
The coupled neutron transport and nuclide depletion calcula-
tions are based on the JEFF-3.1.1+APOLLO2.8 code package
(Santamarina et al., 2009, 2013), which uses the reﬁne SHEMenergy
mesh (Hfaiedh and Santamarina, 2005) (no self-shielding calcula-
tion is required below 22.5 eV) and the method of characteristics
MOC for the Boltzmann equation solving (Sanchez et al., 2010).
The Reference SHEM-MOC and Optimized REL2005 schemes
(reducing computational time and minimizing associated bias)
were largely validated (Santamarina et al., 2013; Vidal et al.,
2007) and consist in solving the Boltzmann quasi-static equation
in 281 energy groups and 26 energy-groups respectively. 26 group
cross sections are pre-calculated by using collision probability
method for the REL2005 scheme.
Fig. 3. Gadolinium depletion as a function of the UO2 local burn-up.
Fig. 4. Consumption of various Gadolinium pins as a function of the UO2 local burn-up.
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 A self-shielding calculation, above 22.5 eV (upper boundaries of
the SHEM ﬁne mesh). The self-shielded heavy isotopes are
235,236,238U, 239,240,242Pu. The space-dependent self-shielding
based on the ‘‘Background Matrix’’ method (Sanchez et al.,
1990) is implemented, using probability tables for a more efﬁ-
cient quadrature in the homogeneous/heterogeneous equiva-
lence. The fuel pellets are split into four fuel rings. The UO2–
Gd2O3 pellets are split into eleven or six rings respectively
SHEM-MOC and REL2005) to account for the huge rim effect.
The resonant mixture self-shielding treatment is also used in
the 22–200 eV intermediate range to rigorously account for
238U,235U,239Pu and 240Pu resonances overlapping (Coste and
Mengelle, 2004). Isotopes cross sections are self-shielded once,before the depletion calculations. The free gas model Doppler
broadening is performed for actinides and some ﬁssion products.
 In the case of the design scheme REL2005, a ﬁrst level using col-
lision probability method calculation is performed on a multi-
cell geometry (UP1 interface current method) to collapse the
cross sections into a 26 group-mesh.
 Then the MOC solver is used to perform an accurate ﬂux
calculation on the exact 2D geometry unstructured meshes.
The thermal ﬂux increase in the moderator is accounted for
by a windmill mesh (MAV = ’’Moulin A Vent’’) or reﬁned wind-
mill mesh (RAF = ’’RAFﬁné’’). The tracking options are:
Dr = 0.04 cm for the trajectory spacing, and N/ = 24, Nw = 3
for the number of azimuthal and polar angles (SHEM-MOC) or
less stringent (for REL2005).The anisotropic scattering is consid-
ered through a P3 modeling in SHEM-MOC and a P0 transport
Fig. 5. GEDEON-II Assembly reloading follow-up.
24 D. Bernard, A. Santamarina / Annals of Nuclear Energy 87 (2016) 21–33correction in REL2005. The boundary conditions are reﬂection
type and all the depletion calculations are made considering a
ﬁxed B2 buckling to simulate axial neutron leakage (this buck-
ling corresponds, for each step, to the critical buckling esti-
mated by the equivalence between homogeneous and
heterogeneous geometries and using the ﬁrst calculation step:
the collision probability method).
 A fuel depletion calculation on the basis of the MOC ﬂux: the
depletion steps used are as follows (in MWd/tHM): 0, 9.375,
18.75, 37.5, 75, 112.5, 150, 200, 250, 300, every 100 up to
1000 and every GWd/t up to 13,000. Bateman equations for
the main 136 isotopes are solved using either Cash-Karp or
Runge–Kutta numerical methods. The full gadolinium depletion
chain is accounted for.As an example, Fig. 6 shows the calculated neutron ﬂux in the
considered pattern: the GEDEON-II assembly surrounded by burnt
MTR-UAl and a water reﬂector is assumed. All fuel pin reloading
(see Fig. 5) are modeled. Control rods and beryllium reﬂector at
the North are not represented.
Fuel temperatures were estimated by using thermal–hydraulic
codes (Internal Report 1985, 1985).
3.2. Fluence normalization
Considering that the build-up of 145,148Nd ﬁssion products is
directly proportional to the number of ﬁssions, and regarding to
their very low absorption cross sections (and low concentration
values), the amount of these isotopes were assumed to grow
Fig. 5 (continued)
Table 1
GEDEON-II Cycle follow-up.
Duration (days)
From To Cycles Cooling
Cycle 1 15/05/1985 23/01/1986 171 251
Cycle 2 01/10/1986 11/04/1987 192 23
Cycle 3 04/05/1987 30/10/1987 179 11
Cycle 4 10/11/1987 03/03/1988 114
D. Bernard, A. Santamarina / Annals of Nuclear Energy 87 (2016) 21–33 25linearly with the burn-up. Therefore, they are a direct indicator of
the burn-up. The burn-up is BU = P[W/g]  Dt, where P is the power
per unit mass of all heavy metallic species in the GEDEON-II
assembly and Dt is the irradiation time.As the irradiation time length is given by the experimental con-
ditions, the speciﬁc local power in the calculation is calibrated to
give the right amount of neodymium. Hence, separate APOLLO2
calculations are done for every axial level considering its own
power density.4. Apollo2.8 numerical validation
Aside actual experiment conditions and to estimate the quality
of our APOLLO2/REL2005 results, 2D Monte Carlo simulations using
TRIPOLI4 (Both et al., 2003) were run and the reaction rates
obtained in both simulations (without axial buckling in both deter-
ministic and stochastic routes for this speciﬁc numerical val-
idation) were compared at the beginning of irradiation cycles.
Fig. 6. APOLLO2.8 thermal and epithermal neutron ﬂux in MELUSINE core.
26 D. Bernard, A. Santamarina / Annals of Nuclear Energy 87 (2016) 21–33Assuming that there is no modeling bias in a continuous-energy
Monte Carlo code, this validation step should exhibit if the
APOLLO2.8 runs produced reliable results. JEFF-3.1.1 was used in
both types of simulations for consistency.
Fig. 7 shows TRIPOLI4 results concerning the power map and
underlines the huge power peak in the assembly close to 1.5 in
the periphery compare to the center (normalized to 1.0).
Biases between APOLLO2.8/REL2005 and TRIPOLI4 are small in
central fuels, however the strong thermal ﬂux increase in periph-
ery is slightly overestimated by APOLLO2, as shown in Fig. 8.
Table 2 summarizes the full validation between the two codes.
It concerns ﬁssion rates, but also odd-A gadolinium absorptionFig. 7. GEDEON-II power map (and statisticarates and 238U capture rate to give an insight on the ﬂux spectrum
calculation for different gadolinium pins. Due to the modeling bias
of the MTR perturbation at GEDEON-II boundary, reaction rates in
both Gd pin and neighbor UO2 burnup-indicator pin are over-
estimated by 0.9%. This result conﬁrms the APOLLO2.8/REL2005
ability to predict the ﬂux tilt in the Gd fuel pin within 0.2% accu-
racy (Vidal et al., 2007).
5. Apollo2.8 experimental validation
The Calculation to Experiment comparison (C/E) between
APOLLO2.8/REL2005 calculations and experimental results,Δ
l uncertainty) calculated with TRIPOLI4.
ΔFig. 8. APOLLO2.8/TRIPOLI4 ﬁssion rate comparison.
Table 2
Validation of APOLLO2.8 reaction rates against TRIPOLI4.
Location Fission rate [%] 155Gd(n,c) [%] 157Gd(n,c) [%] 238U(n,c) [%]
UO2–Gd2O3 8% [Front UO2Gd2O3 8%] 0.1 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 1.1
[Angle H2O] 0.1 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8
[Front H2O] 0.1 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 1.5
UO2 3.25% [Angle UO2Gd2O3 8%] 0.0 ± 0.1
[Front UO2Gd2O3 8%] 1.0 ± 0.1
[Front H2O + Angle UO2Gd2O3 8%] 0.8 ± 0.1
[R: Angle UO2 + Gd2O3 8%] 0.9 ± 0.1 (AP2/T4–1) [%]
[R: Assembly center] 0.2 ± 0.1 Validation
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discussed. At ﬁrst, one has to qualify the different reaction rates
calculations.
5.1. Qualiﬁcation of reaction rate distribution
The experimental ﬁssion rate was estimated by the
c-spectrometry for three ﬁssion products: 95Zr (T = 65d), 132Te
(T = 3.3d) and 140Ba (T = 13d). The 238U(n,c) capture rate was
measured through the 239Np (T = 2.35d) c-spectrometry.
The qualiﬁcation of the radial ﬁssion map, plotted in Fig. 9,
shows that the neutron ﬂux buckling is not accurately assessed
on the western part of GEDEON-II assembly at the beginning of life.
This is mainly due to the insertion of control rods at beginning of
irradiation cycles which is not modeled in the calculation.
However, the same measurements were performed at 4GWd/t
and 7GWd/t and the APOLLO2.8 results are much more satisfac-
tory, as shown in Fig. 10.
Table 3 exhibits averaged C/E values for reaction rates at the
beginning of the cycles. The ﬁrst uncertainty is linked to experi-
mental uncertainty. The second value corresponds to the standard
deviation of experimental values in symmetric positions in the
assembly, underlining so the macroscopic neutron ﬂux distortion
in the assembly.
As the validation of APOLLO2.8 versus TRIPOLI4 was achieved
successfully, those qualiﬁcation results emphasized the difﬁculty
to model the presence and the movement of MELUSINE control
rods close to the GEDEON-II assembly. This has a consequence onthe macroscopic neutron ﬂux in the periphery of the assembly.
However, online measurements of neutron thermal and epithermal
ﬂuxes by 103Rh Self-Powered Neutron Detectors located in the
diagonal water holes do not indicate signiﬁcant macroscopic dis-
tortion (within ±2%).
Fortunately, the local Gd ﬂuence will be ﬁxed by using mainly
central UO2 fuel pins neodymium analyses.
5.2. Spent fuel analysis
Destructive analyses of 40 pellets were performed leading to
341 radiochemical data, including 120 results for uranium isotopic
content, 64 for plutonium content, 34 for neodymium and 123 for
gadolinium isotopic content.
Once ﬂuences (through speciﬁc power in calculations) are ﬁxed
for each irradiation cycle and for various heights, one can produce
the following REL2005 (C/E-1) values reported in Table 4
(Actinides + Nd) and Table 5 (Gd isotopics).
The reported burn-up is the local pin burn-up. Four kinds of
experimental uncertainties (1r) are taken into account:
- Uncertainty on moderator/fuel temperatures (±2 C/±50 C
which are the generally accepted upper values for the uncer-
tainties of codes solving heat equations),
- Uncertainty on the deduced burn-up linked to neodymium
cumulative ﬁssion yields and axial ﬂuence scaling (±2% for ther-
mal neutron induced ﬁssion in JEFF-3.1.1/235U and 239Pu),
- Initial and post irradiation analyzed material balances,
ΔFig. 9. APOLLO2.8/Experiment comparison on radial ﬁssion map at the beginning of irradiation.
Δ
Fig. 10. APOLLO2.8/Experiment comparison on radial ﬁssion map at 4GWd/t.
Table 3
APOLLO2.8 reaction rates qualiﬁcation at the beginning of irradiation.
[AP2/E-1] ± [dE/E] ± [r(North,South, East, West)/E] [%]
Location Fission rate [%] 238U(n,c) [%]
UO2–Gd2O3 8% [Front UO2Gd2O3 8%] 12 ± 11 ± 4 7 ± 2± 3
[Angle H2O] 14 ± 10 ± 4 9 ± 2 ± 3
[Front H2O] 13 ± 13 ± 2 7 ± 2 ± 2
UO2 3.25% [Angle UO2Gd2O3 8%] 0 ± 1 ± 2 4 ± 2 ± 4
[Front UO2Gd2O3 8%] 1 ± 1 ± 3 3 ± 2 ± 4
[Front H2O + Angle UO2Gd2O3 8%] 3 ± 1 ± 2 2 ± 2 ± 4
[R: Angle UO2 + Gd2O3 8%] 2 ± 1 ± 3 4 ± 2 ± 4
[R: Assembly center] 0 ± 1± 1 2 ± 2 ± 2
28 D. Bernard, A. Santamarina / Annals of Nuclear Energy 87 (2016) 21–33- Modeling of the MTR feeder core. Here, we supposed two
extreme cases to estimate the uncertainty, the reliable one con-
cerns a calculation with burnt UAl assemblies, and the second
concerns fresh UAl assemblies assumption.These uncertainties are propagated through a direct calculation
route instead of using perturbation theories. Assuming
their independence allows to combine them using a quadratic
formula.
Table 4
APOLLO2.8/REL2005 (C/E-1) values for U, Pu and Nd analyses.
Nature Position Burn-up
[GWd/t]
234U/238U
[%]
235U/238U
[%]
236U/238U
[%]
238Pu/238U
[%]
239Pu/238U
[%]
240Pu/238U
[%]
241Pu/238U
[%]
242Pu/238U
[%]
5+6Nd/238U
[%]
148Nd/238U
[%]
150Nd/238U
[%]
UO2 3.25% F06-270 [R: Assembly
center]
4.0 3.8 ± 2.2 0.3 ± 0.3 6.8 ± 2.2 16.7 ± 3.9 1.4 ± 0.9 0.6 ± 1.8 4.2 ± 2.8 3.9 ± 5.1 0.2 ± 2.1 0.6 ± 2.1 0.4 ± 2.1
F06-100 [R: Assembly
center]
3.4 3.1 ± 2.2 0.3 ± 0.3 7.2 ± 2.3 0.9 ± 0.9 0.4 ± 1.8 2.4 ± 2.9 0.8 ± 5.1 0.0 ± 2.1 0.6 ± 2.1 0.8 ± 2.1
E03-270 [R: Angle
UO2 + Gd2O3 8%]
4.6 5.0 ± 2.6 0.5 ± 0.3 5.0 ± 2.1 8.4 ± 3.7 1.1 ± 0.9 1.2 ± 1.8 2.5 ± 2.5 2.8 ± 4.6 1.3 ± 1.9 1.5 ± 2.0 0.5 ± 2.0
E03-120 [R: Angle
UO2 + Gd2O3 8%]
4.1 4.5 ± 2.2 0.7 ± 0.4 5.7 ± 2.1 12.6 ± 3.7 1.6 ± 0.9 0.7 ± 1.8 3.1 ± 2.5 -3.9 ± 4.6 0.0 ± 1.9 0.5 ± 2.0 0.5 ± 1.9
F08-270 [R: Assembly
center]
6.6 4.0 ± 2.2 0.8 ± 0.5 5.5 ± 2.0 16.0 ± 1.4 0.2 ± 0.7 2.1 ± 1.9 7.7 ± 8.3 9.4 ± 5.6 0.0 ± 1.8 0.1 ± 1.9 0.0 ± 0.0
F08-100 [R: Assembly
center]
5.8 4.0 ± 2.2 0.3 ± 0.5 4.0 ± 2.2 7.7 ± 12.1 1.8 ± 0.7 1.0 ± 2.2 2.8 ± 3.9 0.3 ± 6.4
C09-270 [R: Angle
UO2 + Gd2O3 8%]
7.2 4.0 ± 2.1 0.4 ± 0.5 5.1 ± 1.9 18.3 ± 1.2 7.8 ± 0.7 9.0 ± 1.7 15.0 ± 8.1 15.7 ± 5.1 5.6 ± 1.8 4.9 ± 1.9
C09-100 [R: Angle
UO2 + Gd2O3 8%]
6.3 3.6 ± 2.0 0.1 ± 0.5 3.0 ± 2.1 23.6 ± 12.0 5.2 ± 0.7 5.1 ± 2.1 8.9 ± 3.8 9.2 ± 5.9
H08-270 [R: Assembly
center]
9.3 4.7 ± 2.2 0.8 ± 0.8 4.2 ± 2.1 19.5 ± 1.2 0.8 ± 0.7 0.3 ± 2.0 7.1 ± 20.1 5.8 ± 5.7 0.1 ± 2.1 0.4 ± 2.2 0.6 ± 2.2
H08-100 [R: Assembly
center]
8.0 4.5 ± 2.2 0.2 ± 0.6 2.3 ± 1.9
J11-270 [R: Angle
UO2 + Gd2O3 8%]
10.7 4.5 ± 2.7 0.0 ± 0.9 2.2 ± 2.0 16.9 ± 0.8 1.8 ± 0.7 3.0 ± 1.8 3.1 ± 19.7 0.9 ± 5.3 2.7 ± 2.0 3.6 ± 2.0 3.0 ± 2.0
J11-100 [R: Angle
UO2 + Gd2O3 8%]
9.2 4.0 ± 2.6 0.5 ± 0.6 1.0 ± 1.8
H06-270 [R: Assembly
center]
11.1 7.1 ± 2.5 1.0 ± 1.0 2.0 ± 2.1 14.7 ± 5.4 0.6 ± 1.0 0.2 ± 2.0 6.6 ± 3.2 6.3 ± 5.9 0.2 ± 2.1 0.6 ± 2.2 0.1 ± 2.2
H06-100 [R: Assembly
center]
9.6 4.4 ± 2.4 0.1 ± 0.8 1.9 ± 2.1
L05-270 [R: Angle
UO2 + Gd2O3 8%]
12.1 4.9 ± 2.4 0.7 ± 1.1 0.4 ± 2.1 6.8 ± 5.2 2.2 ± 0.5 5.3 ± 1.9 2.6 ± 3.0 2.3 ± 5.7 3.2 ± 2.1 4.1 ± 2.1 3.2 ± 2.0
L05-100 [R: Angle
UO2 + Gd2O3 8%]
10.4 4.6 ± 2.4 1.1 ± 0.9 0.3 ± 2.1
UO2 3.25%
reloaded
F06-270 [R: Assembly
center]
5.3 4.4 ± 2.6 0.0 ± 0.5 3.1 ± 2.2 35.8 ± 3.5 9.3 ± 0.7 7.9 ± 2.3 7.8 ± 20.8 11.3 ± 6.2 0.3 ± 2.2 0.6 ± 2.2 1.1 ± 2.2
F06-100 [R: Assembly
center]
4.6 4.5 ± 2.6 0.4 ± 0.3 5.2 ± 1.8
UO2 2.60%
reloaded
F08-270 [R: Assembly
center]
3.9 1.8 ± 2.5 0.1 ± 0.5 0.5 ± 2.8 9.5 ± 6.3 1.6 ± 1.2 1.2 ± 3.3 4.9 ± 5.6 4.5 ± 8.6 0.0 ± 2.7 0.6 ± 2.8 0.5 ± 2.8
F08-100 [R: Assembly
center]
3.3 2.8 ± 2.4 0.5 ± 0.4 2.1 ± 2.6
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Table 5
APOLLO2.8/REL2005-11rings C/E values for Gd analyses.
Nature Position Consumption [%]
[155Gd]
152Gd/238U
[%]
154Gd/238U
[%]
155Gd/238U
[%]
156Gd/238U
[%]
157Gd/238U
[%]
158Gd/238U
[%]
160Gd/238U
[%]
UO2 + Gd2O3
5%
D07-270 [front
UO2 + Gd2O3 5%]
26 3 ± 5 2 ± 1 1 ± 3 3 ± 1 7 ± 5 2 ± 1 1 ± 1
D07-100 [front
UO2 + Gd2O3 5%]
58 4 ± 5 1 ± 1 2 ± 2 1 ± 1 2 ± 3 1 ± 1 0 ± 1
G04-270 [front H2O] 23 11 ± 5 1 ± 1 0 ± 6 2 ± 1 9 ± 10 1 ± 0
G04-100 [front H2O] 32 12 ± 5 1 ± 1 0 ± 3 2 ± 1 8 ± 5 1 ± 0
UO2 + Gd2O3
8%
D04-270 [angle H2O] 40 7 ± 5 1 ± 1 4 ± 2 3 ± 1 10 ± 2 2 ± 1
D04-100 [angle H2O] 33 8 ± 5 1 ± 1 6 ± 1 4 ± 1 14 ± 2 4 ± 1
G04-270 [front H2O] 40 8 ± 5 0 ± 1 1 ± 1 1 ± 1 6 ± 2 1 ± 1
G04-080 [front H2O] 34 6 ± 5 1 ± 1 0 ± 1 1 ± 1 3 ± 2 1 ± 1
D07-270 [front
UO2 + Gd2O3 8%]
53 11 ± 5 1 ± 1 3 ± 2 3 ± 1 13 ± 3 2 ± 1
D07-100 [front
UO2 + Gd2O3 8%]
46 8 ± 5 1 ± 1 2 ± 2 2 ± 1 10 ± 2 2% ± 1
D10-270 [angle H2O] 66 12 ± 5 1 ± 1 3 ± 3 2 ± 1 13 ± 4 2 ± 1
D10-100 [angle H2O] 58 9 ± 5 0 ± 1 1 ± 3 2 ± 1 8 ± 3 1 ± 1
K10-270 [angle H2O] 87 15 ± 6 1 ± 1 17 ± 9 3 ± 1 43 ± 15 2 ± 1 1 ± 1
K10-100 [angle H2O] 78 15 ± 5 0 ± 1 1 ± 4 1 ± 1 10 ± 6 1 ± 1
G10-270 [front H2O] 88 17 ± 6 0 ± 1 9 ± 10 2 ± 1 24 ± 17 1 ± 1
G10-100 [front H2O] 78 18 ± 5 0 ± 1 4 ± 5 1 ± 1 16 ± 7 1 ± 1
K04-270 [angle H2O] 85 15 ± 5 0 ± 1 7 ± 9 1 ± 1 25 ± 16 1 ± 1
K04-100[angle H2O] 75 14 ± 5 1 ± 1 4 ± 6 1 ± 1 3 ± 8 1 ± 1
K07-270 [front
UO2 + Gd2O3 8%]
97 17 ± 5 0 ± 1 56 ± 30 1 ± 1 9 ± 40 1 ± 1
K07-100 [front
UO2 + Gd2O3 8%]
89 15 ± 5 0 ± 1 9 ± 11 1 ± 1 24 ± 20 1 ± 1
Table 6
REL2005-11rings/experiment comparison for Gd consumption C = (NGdi(0)  NGdi(BU))/NGdi(0).
30 D. Bernard, A. Santamarina / Annals of Nuclear Energy 87 (2016) 21–33The 235U consumption is consistent with the neodymium build-
up. Calculation-Experiment is very satisfactory for the main Pu iso-
topes: respectively + 0.2% ± 0.9% and 0.7% ± 1.8% for 239Pu and
240Pu (excluding C09 pin where burnup is underestimated by 5%
as shown by Nd isotopics analysis). These results conﬁrm the
APOLLO2.8 accuracy for 238U and 239Pu capture rate calculation.
241Pu and 242Pu build-ups are slightly underestimated: respec-
tively 4.2% ± 2.5% and 3.3% ± 4.6%. The well-known underpre-
diction of 238Pu build-up by 12% ± 4% for such low burnups is
probably due to the underestimation of the JEFF-3.1.1/238U(n,2n).
If one is interested in Pu build-up into gadolinia pins, the reference
(Blaise and Dos santos, 2011) addresses this particular point.
Table 5 presents the comparison of the measured Gd depletion
and REL2005 calculation. However, Gd pins are discretized in 11
rings corresponding to the SHEM-MOC recommendation. The C/E
values show the overall good accuracy of APOLLO2.8 calculationwhatever the immediate vicinity (Guide-Tube in front or at angle,
Gd pin in front).
152Gd small concentrations versus burnup show C/E negative
values that indicate an overestimation of the (n,) cross-section.
154Gd concentrations are well predicted at any burnup; how-
ever we have to note that 154Gd amount is quite constant due to
a reasonable capture cross-section.
Concerning the strong absorbers 155Gd and 157Gd, the depletion
kinetics is slightly underestimated. These consistent results over
the irradiation range are conﬁrmed by the analysis of the respec-
tive daughters 156Gd and 158Gd, which are slightly underpredicted.
The satisfactory agreement (C–E)/E = 9% ± 40% on the residual
157Gd content (BU = 12 GWd/t) ensures a reliable 156Gd resonance
integral. Thus, the main component of the Gd residual reactivity
penalty, linked to 156Gd/157Gd couple, should be well assessed by
APOLLO2.8.
Fig. 11. REL2005–11rings qualiﬁcation of odd-gadolinium consumption.
Table 7
REL2005-6 rings/experiment comparison for Gd consumption C = (NGdi(0)  NGdi(BU))/NGdi(0).
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becomes very weak, consequently the (C–E)/E relative biases
become irrelevant. Therefore, it is useful to consider the consump-
tion C as the key parameter: (i = 155 or i = 157)
C ¼ ðNGdið0Þ  NGdiðBUÞÞ=NGdið0Þ:
The qualiﬁcation of the 155Gd and 157Gd consumption is summar-
ized in Table 6 and plotted in Fig. 11 (for Gd pins located in front
and in angle of a water hole).
In order to qualify the real REL2005 calculation, the GEDEON-II
experiment was also analyzed, using the recommended 6 rings in
Gd pins. C/E comparison of 155Gd and 157Gd consumptions are
summarized in Table 7 and plotted in Fig. 12. The depletion kinet-
ics of the poisoning isotopes is accurately predicted using the
REL2005 recommendation: the average C/E bias throughout
irradiation is 0.5 ± 1.0% (RMS) on 155Gd consumption and
0.7 ± 1.6% (RMS) on 157Gd consumption. The previous under-
estimation of odd-Gd consumptions in the 11 rings-calculationwas probably linked to the too large tracking value, inconsistent
with the small ring thickness.
A detailed sensitivity analysis of Gd depletion kinetics to inte-
grated cross section showed the maximum value for the 155Gd con-
sumption (S = +0.4) to 155Gd(n,c),when localUO2burnup is around4
GWd/t. Actually, for this large 8%Gd content, all those C/E values
underline the accuracy of the calculation scheme more than the
nuclear data used. Sensitivity studies to deterministic modeling
point out thatmaximumbiases linked to discretizations appear also
around an assembly burnup of 4 GWd/t. Thus, the energy-collapsing
effect from SHEM-281 g to 26 g was assessed only on the ﬁrst
extracted Gd pins (D04 and G04) irradiated in the N-E quarter up
to a local burnup BU = 4.3 GWd/t. The C–E biases on odd-Gd con-
sumption associated with 281 g-based calculation or 26 g-based
calculation are compared in Table 8. As previously demonstrated
in the REL2005 numerical validation (Vidal et al., 2007), the
energy-collapsing down to 26 groups has a small inﬂuence on odd-
Gddepletion (absorption of theGdpin ismodiﬁedby less than0.1%).
Fig. 12. REL2005–6rings qualiﬁcation of odd-gadolinium depletion.
Table 8
APOLLO-11rings/experiment biases for Gd Consumption using SHEM or collapsed 26-
group.
UO2–Gd2O3 pin Gd isotope C–E 281group (%) C–E 26group (%)
D04 (angle H2O) 155Gd 1.6 2.3
157Gd 2.9 3.9
G04 (front H2O) 155Gd 0.3 0.8
157Gd 1.4 2.2
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has shown that the discretization effect is small on Gd depletion:
Gd initial absorption rate varies by only +0.2% from P5 to P1 mod-
eling. The validation work had also pointed out the small effect of
the spatial discretization (MAV mesh against reference RAF mesh)
on Gd depletion (Vidal et al., 2007).
Therefore, we can conclude that the GEDEON-II analysis using
SHEM-MOC calculation scheme is as satisfactory as the REL2005
analysis, with C-E biases on odd-Gd consumption lower than 2%,
in agreement with experimental uncertainty.6. Conclusion
This paper has shown the neutronic availability for the increase
of PWRs cycle length through highly Gd-poisoned UO2 fuel rods.
The lumped burnable gadolinium amount reaches up to 8% in
UO2–Gd2O3 fuel rods loaded in French PWRs.
More than 341 radiochemical analyses were performed for 40
irradiated rod cuts. Local moderation irradiation conditions were
challenging for calculation tools, however the reaction rate val-
idation shows the accuracy of the SHEM-MOC and REL2005
schemes using the new APOLLO2.8 code.
The analysis of GEDEON-II experiment conﬁrmed the good pre-
diction of actinide build-up in PWR fuel pins using JEFF3.1.1
library, as well as the trend to underestimate 238Pu build-up.This work has demonstrated the satisfactory accuracy of
APOLLO2.8 calculation, both in reference SHEM-MOC and in opti-
mized REL2005 schemes, for the depletion of 155Gd and 157Gd poi-
soning isotopes. The averaged C–E biases on their consumption
throughout irradiation are 0.5 ± 1.0% (RMS) and 0.7 ± 1.6%
(RMS) respectively. Reported uncertainties correspond to the C-E
spread (Root Mean Square) for 8% gadolinium analysis and are con-
sistent with the non-reducible burn-up uncertainty by about 1.5%.
These satisfactory GEDEON-II results are coherent with the
good results obtained during the APOLLO2.8 qualiﬁcation of the
Gd pin worth through the CAMELEON experiment (Blaise, 2009).Acknowledgments
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